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0DQ\OLWHUDWXUHVKDYHEHHQUHSRUWHGDERXWWKHFUHHSEHKDYLRXUVRIUHSDLUZHOGVXQGHUGLIIHUHQWFRQGLWLRQV>@
3HUIRUPDQFH RI UHSDLU ZHOGLQJ RQ VHUYLFH DJHG ZHOGPHQWV LQGLFDWHV WKDW D JUHDW GLIIHUHQFH RFFXUV EHWZHHQ WKH
RULJLQDODQGUHSDLUHGZHOGV>@7KXVLWLVRIJUHDWVLJQLILFDQFHWRRSWLPLVHWKHUHSDLUWHFKQLTXHVDQGWRLPSURYH
WKHFUHHSVWUHQJWKDQG OLIHH[WHQVLRQRI WKHUHSDLUZHOGV0HWKRGVVXFKDVXVLQJZHOGPHWDO WKDWEHWWHUPDWFK WKH
SDUHQW PHWDO DGHTXDWH UHSDLU ZHOG JHRPHWU\ DQG VXEVHTXHQW SRVW ZHOG KHDW WUHDWPHQW 3:+7 FDQ EH XVHG WR
LPSURYH WKH UHOLDELOLW\ LQ SHUIRUPLQJ UHSDLUZHOGLQJ >@+RZHYHU WKHUH LV QR DYDLODEOH VWDQGDUG RU WHFKQLTXH
DVVRFLDWHGZLWK WKH HYDOXDWLRQ IRU WKH UHSDLU SHUIRUPDQFHRIGLVVLPLODU MRLQWV ,Q DGGLWLRQ WKLVZRUNZLOO EHFRPH
PXFKPRUHFRPSOH[ZKHQFRQVLGHULQJWKHFRPELQDWLRQRIUHSDLUZHOGJHRPHWU\VWUHVVDQGWHPSHUDWXUHLQVHUYLFH
>@
,QWKLVSDSHUWKHFUHHSEHKDYLRXUVRIIXOO\UHSDLUZHOGIDEULFDWHGRQWKHGLVVLPLODUMRLQWZHUHDQDO\VHG7KHHIIHFW
RIZHOGUHSDLUVZDVGLVFXVVHGEDVHGRQWKHREVHUYDWLRQRIPLFURVWUXFWXUHDQGREWDLQHGFUHHSFXUYHV
([SHULPHQWDO
1.1. Materials  
7KHSLSHVHFWLRQZLWK3*75&0&U0R9GLVVLPLODUMRLQWZKLFKKDVDQRXWHUGLDPHWHURIPPDQGD
WKLFNQHVVRIPPZDVXVHGLQWKLVLQYHVWLJDWLRQ7KLVSLSHZDVLQWKHFRQGLWLRQRIQRQVHUYLFHDQGZDVVXSSOLHG
E\ 1LQJER 6SHFLDO (TXLSPHQW ,QVSHFWLRQ &HQWHU 7KH FKHPLFDO FRPSRVLWLRQV RI ERWK EDVH PHWDOV 3 DQG
&U0R9DQGZHOGPHWDO*75&0DUHOLVWHGLQ7DEOHDQGPHWDOLQHUWJDV0,*PHWKRGZDVXVHGWRMRLQ
WKHPWRJHWKHU
7DEOH&RPSRVLWLRQVRIEDVHPHWDODQGZHOGPHWDOZW
0DWHULDO & 6L 0Q 3 6 1L &U 0R 9
3         
&U0R9         
*75&0         
1.2. Repair welding  
,QRUGHUWRHOHYDWHWKHSRVVLELOLW\RIIXOO\UHSDLUVLQWKHGLVVLPLODUSLSHZLWKRXWVHUYLFHWKHZKROHRULJLQDOZHOG
DQGVXUURXQGLQJSDUHQWPHWDOZDVUHPRYHGDQGWKHQUHZHOGHGDJDLQZLWKWKHVDPHZHOGLQJHOHFWURGHRIW\SH*75
&09VKDSHGEXWWZHOGZLWKGLPHQVLRQVZDVVKRZQLQ)LJWKDWLVWKHZHOGLQWHUIDFHDQJOHș  ÛWKHZLGWK
RI:0RQWKHRXWHUVXUIDFHLVW  PPIRUWKHRULJLQDOZHOGDQGW PPIRUWKHUHSDLUZHOG7KHPHWKRG
RIZHOGLQJXVHGZDVPHWDO LQHUWJDV0,*7KHPDWHULDOVDUHSUHKHDWHGDWԨ WKH LQWHUSDVV WHPSHUDWXUHZDV
FRQWUROOHG EHWZHHQԨ DQGSRVWZHOG KHDW WUHDWPHQW 3:+7ZDV WKHQKHOG DW Ԩ IRUPRUH WKDQ 
PLQXWHVDIWHUZHOGLQJ


)LJ*HRPHWU\GLPHQVLRQVRIWKHRULJLQDODQGUHSDLUHGZHOGV
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1.3. Creep testing  
7KH FURVV ZHOG VSHFLPHQV IRU FRQVWDQW ORDG FUHHS WHVW ZHUH H[WUDFWHG IURP WKH RULJLQDO DQG UHSDLUHG MRLQWV
UHVSHFWLYHO\7KHZHOGPHWDO+$=DQGSDUHQWPHWDOVDUHFRQWDLQHGLQWKHVHVSHFLPHQVWDNHQQHDUWKHRXWHUVXUIDFH
RIWKHSLSH7KHFUHHSEHKDYLRXUVRIERWKMRLQWVZHUHWHVWHGDWWKHWHPSHUDWXUH&DQGLQWKHVWUHVVUDQJHWR
 03D &66 W\SH FUHHS PDFKLQHV HTXLSSHG ZLWK D WKUHH]RQH WHPSHUDWXUH FRQWURO IXUQDFH DQG DQ
HORQJDWLRQWLPHWHPSHUDWXUH UHFRUGHUZHUH XVHG WR SHUIRUP WKHVH WHVWV 7KH VWDQGDUG VSHFLPHQ IRU FRQVWDQW ORDG
FUHHSWHVWZLWKFRQILJXUDWLRQVDQGGLPHQVLRQVLVVKRZQLQ)LJ

)LJ&RQILJXUDWLRQDQGGLPHQVLRQRIWKHVSHFLPHQIRUFRQVWDQWORDGFUHHSWHVW
5HVXOWV
2.1. creep test data  

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D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
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7KHPHDVXUHGFUHHSFXUYHV LQ WKHIRUPRIVWUDLQvs WLPHDWYDULRXVVWUHVV OHYHOVDW&IRU WKHRULJLQDODQG
UHSDLUHGMRLQWVDUHVKRZQLQ)LJDDQG)LJEUHVSHFWLYHO\7KHFUHHSFKDUDFWHULVWLFRIZHOOGHILQHGSULPDU\
VWHDG\DQG WHUWLDU\FUHHSVWDJHVFDQEHREVHUYHGDWGLIIHUHQW WHVW FRQGLWLRQVDQG WKHFUHHS VWUDLQDFFXPXODWLRQ LQ
WHUWLDU\ VWDJH UHVXOWLQJ IURP IUDFWXUH QHFNLQJ LV ODUJHU WKDQ WKDW LQ WUDQVLHQW DQG VHFRQGDU\ FUHHS VWDJHV 1R
VLJQLILFDQWGLIIHUHQFHFDQEHVHHQ LQHYROXWLRQVRIFUHHSVWUDLQvs WLPHFXUYHVIRU WKHUHSDLUHGDQGRULJLQDOZHOGV
7KXVLWFDQEHLQIHUUHGWKDWWKHIXOO\UHSDLUHGZHOGVGLGQRWUHPDUNDEO\DIIHFWWKHFUHHSEHKDYLRXURIWKHRULJLQDO
ZHOGV+RZHYHUWKHUHSDLUHGZHOGVH[KLELWHGKLJKHUUXSWXUHOLIHWKDQWKDWREVHUYHGLQWKHRULJLQDOZHOGDWDOOVWUHVV
OHYHOV
2.2. Stress dependence of creep rate and rupture life 
7KHPLQLPXPFUHHSVWUDLQ UDWH LQFUHDVHVZLWK LQFUHDVH LQ VWUHVV DQG WKHLU UHODWLRQVKLSREH\HG1RUWRQ¶VSRZHU
ODZDV>@
n
m BVH  
x
  
ZKHUHBDQGnDUHVWUHVVFRHIILFLHQWDQGVWUHVVH[SRQHQWUHVSHFWLYHO\
7KHUXSWXUHOLIHGHFUHDVHVZLWKLQFUHDVHLQVWUHVVDQGYDULDWLRQVRIUXSWXUHOLIHZLWKVWUHVVDOVRREH\HGSRZHUODZ
DV
QV  At f   
ZKHUHADQGvDUHDOVRVWUHVVFRHIILFLHQWDQGVWUHVVH[SRQHQWUHVSHFWLYHO\
7KHVHFRQVWDQWYDOXHVREWDLQHGIRUWKHRULJLQDODQGUHSDLUHGMRLQWVDUHSUHVHQWHGLQ7DEOH7KHH[SRQHQWYDOXHn
LVODUJHUZKHUHDVWKHVWUHVVFRHIILFLHQWB LVVPDOOHUREVHUYHGLQWKHUHSDLUHGZHOGWKDQWKDWLQWKHRULJLQDOZHOG2Q
WKHRWKHUKDQGWKHFRQVWDQWVvDQGAREWDLQHGIURPUXSWXUHWLPHvsVWUHVVFXUYHVKDYHWKHRSSRVLWHFKDUDFWHULVWLFV
7KHPLQLPXPFUHHSVWUDLQUDWHVvsDSSOLHGVWUHVVIRUGLIIHUHQWFURVVZHOGVSHFLPHQVDUHVKRZQDVGRXEOHORJDULWKPLF
SORWVLOOXVWUDWHGLQ)LJ7KHUXSWXUHOLYHVDVDIXQFWLRQRIDSSOLHGVWUHVVDUHVKRZQDVGRXEOHORJDULWKPLFSORWVLQ
)LJ5HVXOWVVKRZWKDWWKHUHSDLUHGZHOGH[KLELWVDORZHUPLQLPXPFUHHSVWUDLQUDWHFRPSDUHGZLWKWKHRULJLQDO
ZHOGZKLOHWKHRULJLQDOZHOGH[KLELWVDORZHUUXSWXUHOLIHWKDQWKHUHSDLUHGZHOG7KXVLWFDQEHLQIHUUHGWKDWWKH
IXOO\UHSDLUZHOGLQJXQGHUWKLVFRQGLWLRQFDQHQKDQFHWKHFUHHSVWUHQJWKRIWKHGLVVLPLODUMRLQWRQDZKROH


)LJ6WUHVVGHSHQGHQFHRIPLQLPXPFUHHSVWUDLQUDWHWHVWHGDWԨIRURULJLQDODQGUHSDLUHGGLVVLPLODUMRLQWV
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

)LJ6WUHVVGHSHQGHQFHRIUXSWXUHWLPHWHVWHGDWԨIRURULJLQDODQGUHSDLUHGGLVVLPLODUMRLQWV
7DEOH0DWHULDOFRQVWDQWVIRUWKHRULJLQDODQGUHSDLUHGGLVVLPLODUMRLQWV
-RLQWW\SHV
n
m B VH  
x

QV  At f 
B n A v 
2ULJLQDO î  î 
5HSDLUHG î  î 
2.3. Fracture behaviour 
)RUWKHFURVVZHOGVSHFLPHQVIDLOXUHDOZD\VRFFXUUHGLQWKH&U0R9SDUHQWPHWDODZD\IURPWKH+$=7KLV
LVLQGHSHQGHQWRIVWUHVVOHYHOVRUWKHW\SHRIGLVVLPLODUMRLQWDQGRQHFDVHWHVWHGRQWKHUHSDLUHGZHOGDW&
03D LV VKRZQ LQ)LJ(ORQJDWHGJUDLQVDORQJ WKHD[LDOGLUHFWLRQDQGH[WHQVLYH ODUJHU FDYLWLHV FDQEHREVHUYHG
DGMDFHQWWRIUDFWXUHDVVKRZQLQ)LJ


)LJ0DFURVFRSLFSKRWRJUDSKVVKRZFUHHSIDLOXUHORFDWLRQLQFURVVZHOGVSHFLPHQWHVWHGRQWKHUHSDLUHGMRLQWDW&03D
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
)LJ23LPDJHVVKRZLQJFDYLWLHVDQGHORQJDWHGJUDLQVDGMDFHQWWRIUDFWXUHIRUFURVVZHOGVSHFLPHQWHVWHGRQWKHUHSDLUHGMRLQWDW&03D
,Q WKLV LQYHVWLJDWLRQ WUDQVJUDQXODU IUDFWXUHZDVREVHUYHGDW DOO VWUHVV FRQGLWLRQV IRUERWKRULJLQDO DQG UHSDLUHG
MRLQWV7KH IUDFWXUHEHKDYLRXURI VSHFLPHQV FUHHS WHVWHG DW  &03DZDV UHYHDOHGE\6(0H[DPLQDWLRQ
ZKHUHGLPSOHVFDXVHGE\WKHFRDOHVFHQFHRIPLFURYRLGVZHUHODUJHULQWKHRULJLQDOZHOG)LJDWKDQREVHUYHG
LQWKHUHSDLUHGZHOG)LJE

 
 D E
)LJ6(0IUDFWRJUDSKRIVSHFLPHQVFUHHSWHVWHGDWԨ03DDRULJLQDOZHOGDQGEUHSDLUHGZHOG
'LVFXVVLRQV
7KHWUDQVLHQWVHFRQGDU\DQGWHUWLDU\FUHHSVWDJHVFDQEHFOHDUO\REVHUYHGLQWKHWHVWHGFUHHSVWUDLQvsWLPHFXUYHV
IRU ERWK RULJLQDO DQG UHSDLUHG GLVVLPLODU MRLQWV 7KH VWUDLQ DFFXPXODWLRQ LV WKH ODUJHVW GXULQJ WKH WHUWLDU\ VWDJH
FRPSDUHGWRWKHWUDQVLHQWDQGVHFRQGDU\VWDJHV7KLVLVLQFORVHUHODWLRQVKLSZLWKWKHQHFNLQJHIIHFWRFFXUVRQWKH
WHUWLDU\VWDJHDGMDFHQWWRIUDFWXUH
0LQLPXPFUHHSVWUDLQ UDWH LVGHILQHGDV WKHEDODQFHYDOXHEHWZHHQ WKHSURFHVVHVRIKDUGHQLQJ LQ WKH WUDQVLHQW
VWDJHDQGUHFRYHU\LQWKHWHUWLDU\FUHHSVWDJH7KHUHODWLRQVKLSEHWZHHQPLQLPXPFUHHSVWUDLQUDWHDQGVWUHVVDSSOLHG
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LQWKLVLQYHVWLJDWLRQFDQEHUHSUHVVHGE\1RUWRQ¶VSRZHUODZDQGVWUHVVH[SRQHQWn LQFUHDVHVZKLOHVWUHVVFRHIILFLHQW
BGHFUHDVHVDIWHUIXOO\UHSDLULQJ2QWKHRWKHUKDQGWKHYDULDWLRQVLQUXSWXUHWLPHZLWKDSSOLHGVWUHVVRQWKHRULJLQDO
DQGUHSDLUHGGLVVLPLODUMRLQWVZHUHDOVRVWXGLHG3RZHUODZHTXDWLRQFDQVWLOOEHXVHGWRGHVFULEHWKHLUUHODWLRQVKLS
DQG WKH VWUHVV H[SRQHQW v GHFUHDVHV ZKLOH VWUHVV FRHIILFLHQW A LQFUHDVHV DIWHU IXOO\ UHSDLULQJ 2Q D ZKROH WKH
PLQLPXP FUHHS VWUDLQ UDWH DW DOO VWUHVV OHYHOV LV VPDOOHU IRU WKH UHSDLUHGZHOG FRPSDUHGZLWK WKH RULJLQDO ZHOG
ZKHUHDV WKH UXSWXUH WLPHEHFRPHV ODUJH DIWHU UHSDLUZHOGLQJ$Q HQKDQFHPHQW LQ FUHHS VWUHQJWK FDQEH REWDLQHG
DIWHU IXOO\ UHSDLUV+RZHYHU WKHGLIIHUHQFHEHWZHHQ WKHVH WZR W\SHVRIGLVVLPLODU MRLQWVZDVQRWYHU\ VLJQLILFDQW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